The J2E cell line is a novel erythroid cell line that differentiates in response to erythropoietin (Epo), the physiologic stimulus for erythropoiesis. After exposure to Epo, the cells synthesize hemoglobin, and we show here that this process is tightly linked to increases in cellular proliferation and DNA synthesis. The hormone-induced terminal differentiation also results in morphologic alterations and the accumulation of transcripts for a, p'"i, and pin globins. c-myc messenger RNA levels increase rapidly after exposure to Epo and precede the increase in cell division, while c-myb undergoes RYTHROPOIETIN (Epo) is the glycoprotein hor-E mone responsible for the terminal differentiation of erythroid precursor cell^.^,^ In the past, studies on the effects of Epo on erythroid cells have been confined to primary cultures of bone marrow, spleen, or murine fetal liver cells. Consequently, analyses of the molecular and biochemical events associated with Epo-induced terminal differentiation have been limited not only by cell numbers but also by the heterogeneous population of cells. The recently devised method of using splenic erythroblasts from Friend virus-infected mice (FVA cells) has provided large numbers of Epo-responsive cells for such analy~es.3,~ Valuable information on molecular and biochemical aspects of hormone-stimulated erythropoiesis has been obtained from the FVA system, but the cells isolated by this technique are polyclonal and may be at slightly different stages of differentiation? Many of the intracellular events that occur during erythroid terminal differentiation have been determined in Friend murine erythroleukemia (MEL) cells that differentiate in response to xenobiotic chemicals such as dimethyl sulfoxide (DMSO) and sodium butyrate, but not Epo? although they do have Epo receptor^.^,^
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We have recently described the derivation of the J2E erythroid cell line after in vitro infection of murine fetal liver cells with a retrovirus containing raf and myc oncogenes? In contrast with MEL cells, the J2E cells retain the capacity to respond to Epo by terminally differentiating and synthesizing hemoglobin? We believe the J2E line provides two distinct advantages for investigating the effects of Epo on erythropoiesis. First, they are a continuous clonal line that can provide abundant material for molecular and biochemical experiments. Second, the appropriate physiologic regulator, Epo, can be used instead of xenobiotic chemicals to study proliferation and terminal differentiation. The newly generated Friend cell line SKT6 has also been shown to mature with Epo treatment?JO and provides another attractive model system for the study of erythropoiesis.
While Epo is clearly the hormone that stimulates terminal erythroid differentiation,lS2 the role that DNA synthesis plays in this process is uncertain. In vitro experiments with bone marrow cells have indicated that Epo stimulates DNA synthesis during differentiation,11J2 and we have reported previously that the number of J2E cells increases with hormonal ~timulation.'~ MEL cells, on the other hand, undergo a transient G1 arrest after induction with chemicals and DNA synthesis remains below control levels thro~ghout.'~J~ In FVA cells, the rate of DNA synthesis and the content of DNA per cell are not affected by Epo-stimulated differentiation.16 With these variations in DNA synthesis during terminal differentiation in different erythropoietic systems it was, therefore, important to determine the effect of Epo on the proliferation of J2E cells and to evaluate the association between cell division and differentiation in these cells. Our results show that Epo does stimulate proliferation and DNA synthesis in J2E cells and that increased replication rate and terminal differentiation are tightly coupled processes. However, the two processes are not linked when sodium butyrate is used to induce hemoglobin synthesis. We conclude that Epo simultaneously stimulates two independent processes of proliferation and differentiation and that these can be uncoupled by other differentiation-inducing agents.
MATERIALS AND METHODS
Cell culture. J2E cells were grown in Dulbecco's modified Eagle's medium with 10% fetal calf serum. Recombinant human Epo (Eprex; Janssen-Cilag, Australia) was used to induce terminal differentiation as determined by benzidine staining.17 Nucleated viable cells were determined by exclusion of 0.4% eosin and counted on a hemacytometer. To determine the morphology of J2E cells before and after induction with Epo, cells were cytocentrifuged at 300 rpm for 5 minutes onto glass slides using a Shandon cytospin 2 (Cheshire, UK). The slides were placed in MayGriinwald-Giemsa stain and then viewed and photographed with a Zeiss light microscope.
[3H]-thymidine uptake and pmpidium iodine staining. J2E cells were plated at 5 x l@ cells per 100 pL in 96-well plates and incubated overnight with varying concentrations of Epo. The following day cells in each well received 0.5 pCi of 13H]-thymidine (25 Cilmmol [methyl 'HI thymidine; Amersham, Bucks, UK) for a 6-hour pulse. DNA was then collected onto glass fiber filters (Whatman Int Ltd, Kent, UK) using a microharvester and incorporation of labeled nucleotide was measured in a p counter, as we have described previously?
To determine the proportion of J2E cells actively dividing (ie, in S. Gz. and M phases) after Epo induction, cells were lysed in a solution of 3.8 RNA anahsis. Total cytoplasmic RNA was prepared from 5 x 10" cells at various time points after Epo induction according to the method of Gough.m In this technique, NP40 lysis is used and DNA removed by separating the nuclei from the cytoplasmic fraction by centrifugation. Proteins are precipitated with 1 % sodium dodecyl sulfate (SDS)/7 mol/L urea and removed by phenolkhloroform extraction. The RNA is then collected by ethanol precipitation. We have shown the excellent reproducibility of this method previouslf and used it here to prepare RNA for Northern blotting. The RNA was partitioned on 1.2% agarose denaturing gels and then transferred to nitrocellulose, as we have described elsewhere.xJP.2' The filter was then hybridized to probes that had been 32P-labeled using [Q-~?P] cytidine triphosphate (400 Cilmmol; Amersham) and a random priming kit from BRESATEC (Adelaide, South Australia). The DNA probes used were a-globin," g1obin.l' pin globin." c-myc,a c-myh,2s and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)z6 and the specific activity was routinely greater than 1oR cpmlpg DNA. To remove probes, filters were placed in a solution of 10 mmollL Tris (pH 7.4). 1 mmollL EDTA in 50% formamide at 65°C for 2 hours. The effectiveness of removal was checked by autoradiography before rehybridization.
RESULTS
Morphologic changes associated with the differentiation of J2E cells. To compare the morphology of J2E cells during differentiation, cultures were established with 0.1 U/mL Epo and aliquots removed at various times after hormone addition. Uninduced cultures of J2E cells contained a mixture of cells at the proerythroblast and basophilic erythroblast stages of differentiation (Fig 1A and B) . The procrythroblasts were noticeably larger than the basophilic erythroblasts; their nuclei were also larger but stained less intensely than the basophilic cells. In contrast with the proerythroblasts, the cytoplasm of the basophilic cells was a deeper shade of blue and the centrally located nuclei had the mottled appearance of coarsely clumped chromatin.
Between 24 and 72 hours after induction, more than 50% of the cells were polychromatophilic erythroblasts. These cells were smaller than the basophilic erythroblasts, their nuclei were more condensed, were stained evenly, and were displaced to one side ( Fig IC) . A noticeable decrease in cytoplasmic basophilia was also observed that would indicate that hemoglobin was being synthesized in these cells. cultures after 24 to 72 hours of exposure to Epo (Fig ID) . However, they contributed no more than 5% to 10% of cells. The orthochromatophilic cells were approximately the same size as the polychromatophilic erythroblasts, but their cytoplasms were significantly more acidophilic. A number of J2E cells (-5% to 10%) progress through to enucleation and reticulocyte formation as shown in Fig 1E and F. The condensed nuclei were extruded, releasing the reticulocyte and free nuclei. The reticulocytes appear to be quite fragile, as few are seen in cytocentrifuge preparations compared with the number of free nuclei. As described by Koury et at2' with differentiating FVA cells, most of the enucleating cells appeared to be polychromatophilic rather than orthochromatophilic.
These morphologic alterations show that J2E cells can undergo the complete range of changes associated with erythroid differentiation. However, it should be noted that not all cells within an induced culture undergo synchronous morphologic modifications. A proportion of the cells remain as undifferentiated proerythroblasts o r basophilic erythroblasts. We are currently attempting to generate clones with a greater response rate.
Epo stimulates prorifeation and differentiation of J2E cells. To further characterize the effects of Epo on differentiation and proliferation, cells in liquid culture were exposed to a range of hormone concentrations and then hemoglobin synthesis and [3H]-thymidine uptake were measured. Figure 2 shows that Epo had a limited effect on differentiation or proliferation below 0.1 U/mL. However, at and above that concentration, marked increases in hemoglobin production and DNA synthesis were observed. It is significant that the two parameters changed in parallel, indicating that Epo was simultaneously activating terminal differentiation and cell division. We concluded from this experiment that 0.1 U/mL Epo was sufficient to maximally stimulate hemoglobin synthesis and proliferation of J2E cells.
To follow the changes in cell number and benzidinepositive cells with time, J2E cells were placed in liquid culture at 105 cells/mL and exposed to 0.1 U/mL Epo. Hemoglobin synthesis increased gradually to reach maximal levels 2 to 3 days after Epo (Fig 3) , which corresponded with the appearance of polychromatophilic and orthochromatophilic erythroblasts in the culture (Fig 1) . An immediate increase in proliferation was also observed as cell numbers increased above control values for 48 hours and then plateaued off (Fig 3) . This increase in cell numbers was supported by a marked increase in [3H]-thymidine incorporation into DNA (data not shown) and the doubling time of the J2E cells was reduced from 18 hours to 12 hours in the presence of Epo. It appears that the J2E cells undergo a burst of proliferation after exposure to Epo that curtails as the cells become terminally differentiated.
The effect of Epo on the cell cycle and DNA synthesis was examined next. J2E cells grown in liquid culture were harvested at various times after hormonal stimulation and the proportion of cells in different stages of the cell cycle ascertained. The percentage of cells actively dividing (ie, in S, G2, and M phases of the cell cycle) was then plotted as a function of time (Fig 4) . The results of this experiment show that the number of cells in S, G2, and M phases increased approximately 12 hours after the addition of Epo and was maintained for the subsequent 24 hours. In contrast, the percentage of dividing cells in untreated cultures remained constant for 48 hours until the cells approached confluence. (Fig 3) correlated with elevated DNA synthesis.
Proliferation and differentiation are tightly coupled in Epotreated J2E celkr. The increase in cell number after exposure to Epo coincided with the appearance of benzidinepositive cells (Figs 2 and 3) . To assess the relationship between enhanced proliferation and the emergence of Hemoglobin acts as a pseudo-peroxidase in the benzidinestaining reaction, but other peroxidases, eg, myeloperoxidase, are also capable of producing a color rea~ti0n.l~ Therefore, to substantiate that the benzidine stain was in fact detecting the presence of hemoglobin in J2E cells, the absorbance due to hemoglobin was measured spectrophotometrically at 412 nm.28 Simultaneously, aliquots of J2E cells were stained with benzidine and the percentage of positive staining cells then plotted against absorbance at 412 nm. The correlation coefficient of .99 between these parameters showed that the benzidine stain accurately reflected hemoglobin production by J2E cells.
Changes in messenger RNA ( "A) levels for globin genes andproto-oncogenes. Having observed changes in proliferation and hemoglobin production in Epo-induced J2E cells, we next investigated alterations to individual species of mRNA involved in proliferation and differentiation. The proto-oncogenes myc and myb have been implicated in the regulation of cell division in many cell types and it has been shown that a downregulation of c-myc is needed for chemically induced differentiation of MEL~ells,2~-~l whereas downregulation of c-myb is necessary for Epo-induced and chemically induced terminal d i f f e r e n t i a t i~n .~~. ~~ We therefore measured the steady-state mRNA levels of c-myc and c-myb during the course of hormone-stimulated differentiation of J2E cells and, in addition, monitored changes in the levels of a, pmal, and pmn globin mRNAs.
Total cytoplasmic RNA was prepared from J2E cells at a number of time points after induction and hybridized with probes for the various genes. The mRNA levels for these genes were compared with the levels of the constituitively expressed housekeeping gene GAPDH, which showed only slight fluctuations during the course of culture. The results shown in Fig 6 show a marked difference in the levels of c-myc and c-myb after Epo stimulation. Transcripts for c-myc increased very rapidly after hormonal induction, peaked at 12 hours, and then declined steadily over the subsequent 36 hours. In contrast, c-myb underwent a transient decrease immediately after Epo induction. The levels reached a nadir at 4 hours before returning to basal levels at 12 hours. Thereafter, the c-myb transcripts gradually diminished. It is interesting to note that (1) the increase in c-myc levels preceded the increase in cellular proliferation (Figs 3 and 4) and (2) a decrease in c-myb did occur during J2E differentiation.
Unlike the rapid changes that were observed in protooncogene levels, a steady increase in globin transcripts was observed (Fig 7) . The time course of induction for the three globins was remarkably similar, suggesting that they may be coordinately regulated. The first increases in globin transcripts were observed 6 hours after initiation of differentiation with Epo. The levels then continued to increase and peak levels were maintained between 24 and 72 hours. By densitometric analysis a maximum ninefold to 10-fold increase was observed for each globin mRNA. This result confirms our previous report on increasing PmaJ globin transcripts.8 Curiously, a gradual accumulation of mRNA for each globin was observed in control cultures producing 1.8-fold to twofold increases (data not shown). Despite these increases, no more benzidine-positive cells were noted in untreated cultures (Fig 3) . One explanation for this phenomenon is that the globin transcripts may not be translated into protein before Epo induction.
After 24 hours of autoradiography, approximately equal intensities of hybridization were observed for a and p" globin and our interpretation of this result is that the concentrations of these transcripts were present in almost equimolar amounts. In contrast, after 2weeks of autoradiography, the intensity of hybridization to the pmin globin probe was only half that of pmaJ globin. On this basis, we estimate that pmin globin transcripts represent a small fraction of total p globin mRNA.
Sodium butyrate stimulates differentiation but not proliferation. DMSO and sodium butyrate have been shown to stimulate differentiation of MELcells? As DMSO does not induce differentiation of J2E cells," we investigated the effects of sodium butyrate on the proliferation and terminal differentiation of these cells. Figure 3 shows that the number of J2E cells did not increase after exposure to 0.2 mmol/L sodium butyrate and that this was due to a significant decrease in the proportion of cells that are in S, G2, and M phases of the cell cycle (Fig 8) . However, despite the inhibition of cellular proliferation, sodium butyrate was capable of inducing hemoglobin production in J2E cells with up to 50% of the cells staining positive with benzidine (Fig 3) . This increase in hemoglobin synthesis coincided with morphologic changes to the cells. We concluded from these experiments that, while Epo stimulates both prolifer- were harvested at various intervals after exposure to 0.1 UlmL Epo and total cytoplasmic RNA was extracted. After electrophoresis through a 1.2% agarose/formaldehyde gel in MOPS buffer, the RNA was transferred to nitrocellulose and hybridized sequentially to probes for (2 p+, end p* globin and, eventually, GAPDH. Autoradlography for a and p"* globin and GAPDH was for 16 hours, whereas pM globin was for 2 weeks. Numbers above each lane repreaent hours after addition of Epo.
ation and differentiation, sodium butyrate-initiated differentiation occurs in the absence of cell division.
As there was a striking difference in Epo-induced and sodium butyrate-induced differentiation, we examined the RNA levels of c-myc, c-myb, and p-globin after chemical induction. In contrast with the increase in c-myc after hormonal stimulation, the addition of sodium butyrate caused a sudden depletion of c-myc mRNA; virtually no transcripts could be detected at 2 and 4 hours after stimulation (Fig 9) . The subsequent return to basal levels at 8 hours was short lived and by 24 hours the levels had decreased substantially. c-my6 levels, on the other hand, showed a gradual decline then recovered briefly at 12 hours before decreasing rapidly again. The biphasic nature of the decreases in both c-myc and c-my6 were similar to changes in these proto-oncogenes in MEL c e l l~~~3~" and SKT6 cell~1~ after chemical induction. It is interesting to note that Epo stimulated c-myc levels before increases in cell number, whereas c-myc expression was depressed by sodium butyrate and proliferation retarded. Significantly, the accumulation of globin mRNA after chemical induction was similar to that observed with hormonal stimulation (Figs 6  and 7 ). An intriguing feature of this experiment was the decline in GADPH levels after 24 hours despite the maintenance of cell viability and the presence of globin transcripts. Ethidium bromide staining of the gel indicated that the RNA was intact but underloaded by approximately 30% from 36 hours onwards. However, this reduction in RNA loaded does not account for the almost total disappearance of GAPDH transcripts. This appears to be a sodium butyrateassociated phenomenon, as similar changes were not observed with Epo-induced differentiation. We have recently observed that glucose may not be the fuel of choice for J2E cells (Guppy M. and Klinken S.P., unpublished observations, 1991). hence a decrease in the glycolytic enzyme GAPDH after chemical induction may not be that surprising.
It appears that both Epo and sodium butyrate activate hemoglobin production and globin mRNA synthesis in J2E cells, but only Epo simultaneously increased cellular proliferation. We suggest, therefore, that proliferation and differentiation are two independent processes that are both stimulated by Epo. However, an obligatory link does not exist between the two processes, and it is possible for certain agents to activate differentiation without enhancing replication.
DISCUSSION
The J2E cell line provides an appealing alternative model system for studying erythropoiesis. In addition to synthesizing globin mRNA and hemoglobin during terminal differentiation, J2E cells undergo morphologic changes from proerythroblastsa and basophilic erythroblasts, to polychromatophilic and orthochromatophilic erythroblasts and, eventually, a proportion actually enucleate. These gross biochemical and morphologic changes appear to be an accurate reflection of normal erythropoiesis, either in vivo or in vitro.'q2 In this report, we have also shown that Epo-induced terminal differentiation of J2E cells is intimately linked with enhanced proliferation. Moreover, the increase in cell number coincides with elevated DNA synthesis, which occurs as early as 12 hours after exposure to the hormone. This concomitant stimulation of differentiation and proliferation by Epo is similar to the effect of the hormone on normal bone marrow erythroid precursors in vi tro.11~2
While enhanced proliferation and differentiation were tightly coupled after Epo induction, the two pathways were not linked when sodium butyrate was used to stimulate the celldifferentiation was activated but not proliferation. This indicates that the two processes are independent in J2E cells and that Epo activates both pathways, but sodium butyrate only one. Significantly, it has been shown in Rauscher erythroleukemia cells that Epo activates both differentiation and proliferation, whereas DMSO induced hemoglobin production but inhibited cell division.'s Noguchi et aIM have also suggested that the two signal pathways are not associated in fetal liver colony-forming uniterythroid (CFU-E) and TSA8 cells. As MEL and FVA cells differentiate in the absence of increased DNA synthesis,I4-l6 it would appear that an obligatory link between differentiation and replication is not essential for erythroid terminal differentiation to proceed. Nevertheless, we believe that the simultaneous increase in proliferation and maturation may represent a physiologic effect of Epo on erythroid precursors that provides an important mechanism for amplifying the number of erythrocytes produced from a single stimulated progenitor. In addition to acting as a mitogen, Epo may also regulate erythropoiesis by preventing apoptosis in erythroid precursor^.^'.^^
The different changes in c-myc RNA levels after hormonal and chemical stimulation were quite striking. Whereas c-myc levels increased rapidly after Epo induction, a substantial decrease occurred immediately after sodium butyrate treatment. These changes in c-myc were reflected in the proliferative capacity of the cells thereaftercell numbers increased in Epo-treated cultures while replication essentially ceased in cells exposed to sodium butyrate. A decrease in c-myc after chemical induction of MEL cells is essential for differentiation to but whether the increase in c-myc is needed for Epo-induced differentiation or proliferation to proceed remains to be tested. Although differences were observed in c-myc levels after hormonal and chemical stimulation, a transient decrease in c-myb occurred with both inducers. As c-myb levels decrease shortly after chemical induction of MEL cells19.34 and Epo-induction of SKT6 cells,1° our results support the suggestion that downregulation of c-myb is an important prerequisite for either Epo-initiated or chemically induced erythroid differentiation.'O The kinetics of globin mRNA accumulation in J2E cells are very similar to that observed with FVA cells and hemin-induced MEL cells, and the 10-fold increases in steady-state levels are also ~omparable.~ This increase in globin mRNA is, however, more rapid than that observed with DMSO induction of MEL cells? but is slower than the reported increase in CFU-E. 39 The approximately equimolar amounts of (Y and Pmaj globin mRNA correspond to equivalent transcription rates for these genes in DMSOtreated MEL cells5 and Epo-induced FVA cells,4O and the relative amounts of PmaJ and pmin globin are also compatible with DMSO-stimulated MEL c e k 5 The expression of globin genes in differentiating J2E cells, therefore, is quite similar to that observed in various other systems and confirms our belief that these cells provide a credible new model for studying erythropoiesis.
The combination of v-raf and v-myc oncogenes in the J2E cells has immortalized these cells at the proerythroblast to basophilic erythroblast stages of differentiation and prevents the cells from spontaneously maturing. We have shown elsewhere that the introduction of myc together with raf in erythroid cells enhances their proliferative capacity but restricts terminal differentiation!' It is significant, therefore, that Epo can reprogram the cells towards terminal differentiation and override the block in differentiation imposed by the v-raf and v-myc oncogenes. Intriguingly, Carroll et have recently shown that Epo activates the phosphorylation of endogenous raf-1, which enhances its kinase activity. Conversely, inhibition of c-raf expression with antisense oligonucleotides blocks Epo-directed DNA synthesis. These results indicate that raf may play a central role in Epo-mediated proliferation. It will be interesting to know if raf-1 is also involved in the events associated with Epo-induced differentiation.
